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Abstract
Spin-polarized low-energy electron microscopy was used to image a magnetite crystal 
with  (100)  surface  orientation.  Sets  of  spin-dependent  images  of  magnetic  domain 
patterns observed in this surface were used to map the direction of the magnetization 
vector with high spatial and angular resolution. We find that domains are magnetized 
along the surface [110] directions, and domain wall structures include 90° and 180° walls. 
A  type  of  unusually  curved  domain  walls  are  interpreted  as  Néel-capped  surface 
terminations of 180° Bloch walls. 
Highlights
 The (100) surface of magnetite is imaged by spin polarized low energy electron 
microscopy.
 The magnetic domain microstructure is resolved.
 Magnetic easy axes in this surface are found to be along <110> directions. 
 Magnetic domain wall structures include wide Néel-caps.
Keywords: Low  energy  electron  microscopy;  Spin  polarized  low  energy  electron 
microscopy, Magnetic oxides, Magnetite
1. Introduction
Magnetite  is  the  most  strongly  magnetized  material  found  in  nature.  Magnetized 
“lodestone” (i.e., magnetite [1]) has been known to humankind at least since 1 BCE in 
ancient  Greece.  As  the  oldest  magnetic  material,  it  has  played  an  important  role 
throughout the history of science and technology, and the discipline of paleomagnetism 
relies  to  a  large  extent  on  its  properties.  More  recently,  band  theory  predicted  that 
magnetite is a half-metal [2,3], i.e. its conduction electrons are expected to be 100% spin-
polarized. Interest in magnetite as a candidate material for spintronic applications [4] is 
driven by the predicted half-metal  character, high conductivity, chemical  stability  and 
high-Curie temperature. Promising recent results include the use of magnetite as a spin-
injector source [5]  as well  as observations suggesting that  the magnetic  properties of 
magnetite are robust even in the nanometer thickness limit [6]. 
At room temperature (RT) magnetite has a cubic inverse spinel structure which can be 
visualized as a face centered cubic arrangement of the oxygen anions [7]. Iron atoms are 
located at sites within tetrahedra (Td sites) or within octahedra (Oh sites) of oxygen atoms, 
respectively. While Td sites are populated with Fe3+cations, the Oh sites have both Fe2+ and 
Fe3+cations. The ferrimagnetic order of magnetite arises from a ferromagnetic coupling 
between iron in tetrahedral sites and ferromagnetic coupling between iron in octahedral 
sites,  while  the  crossed  Td and  Oh site  interaction  is  antiferromagnetic.  The  Curie 
temperature  is  ~850  K  and  the  easy  magnetization  directions  are  the  <111>  lattice 
directions [7]. 
The (001) surface of bulk magnetite has been the subject of many experimental studies 
aimed at determining its structure, using tools including low- energy electron diffraction 
[8, 9], X-ray photoelectron diffraction [10], low-energy ion scattering [11, 12], scanning 
tunneling microscopy [10, 13, 14, 15] and spectroscopy [16]. The most common surface 
reconstruction,  2× 2R45°,  has  been  alternatively  interpreted  as  octahedral-iron√ √  
terminated with a Jahn-Teller distortion [17] or as tetrahedral-iron terminated. Recently, it 
was shown that both terminations can be obtained by modifying slightly the preparation 
procedure [18]. After experimental work to test the predicted half-metal character had led 
to  inconsistent  results  [19,  20,  21],  the  2× 2R45°  reconstruction  was  suggested  as√ √  
possibly playing a role in suppressing the expected 100% spin polarization at the Fermi 
level. It was shown that lifting the reconstruction restores the half-metallicity [18, 22]. 
Much  of  the  experimental  work  was  performed  on  thin  films  grown on  appropriate 
substrates.  Samples  included (100)  oriented  films  grown by reactive  molecular  beam 
epitaxy,  magnetron  sputtering  or  pulsed  laser  deposition  on  MgO  [23,  24,  23,  25], 
SrTiO3[25, 26] and MgAl2O3 [23, 27, 28], and magnetic domain patterns were observed 
by magnetic force microscopy [28] and by photoemission microscopy [29]. However, in 
thin film samples residual strains and antiphase boundaries or other defects may affect 
magnetic properties [23, 28] and it is interesting to compare with measurements on bulk 
crystals. Magnetic domain structures on some surfaces of bulk magnetite crystals have 
been studied using the Bitter technique [30], Kerr-effect Microscopy [31, 32], magnetic 
force microscopy [33, 34], and holography in transmission electron microscopy [35]. 
The micromagnetic structure of the (001) surface of bulk magnetite crystals is less well 
known. The (001) surface is not aligned with any bulk easy-axis directions, and intricate 
patterns including closure domain features and quasidomains are thus expected [36]. Goal 
of  this  work  is  to  reveal  such  features  in  detail  by  mapping  the  direction  of  the 
magnetization vector on the (001) surface of bulk magnetite. 
2. Methods
Spin-polarized low-energy electron microscope (SPLEEM) [37] is  a  tool  that  permits 
measurement of the components of the magnetization vector along real-space coordinates 
x, y, and z. In this instrument a beam of polarized electrons is reflected from a crystalline 
sample. The spin-polarized electron gun contains optics which permits electron energy as 
well as the quantization axis of the electron beam spin-polarization to be freely adjusted 
[38]. The electron reflectivity of the sample surface varies as a function of energy and, in  
case of magnetic surfaces, an additional (smaller) spin dependent contribution modulates 
the  reflectivity.  To  measure  this  smaller  magnetic  modulation,  the  spin-dependent 
reflectivity difference is  usually expressed as an asymmetry signal  A = (I+-I-)/(I++I-), 
where  I+ and  I-  are reflectivities for electron beams with spins aligned and anti-aligned 
with  a  chosen  quantization  axis.  Two full-field  reflectivity  images  are  acquired  with 
opposite spin direction of the electron beam and pixel-by-pixel “asymmetry” images are 
computed.  Since the asymmetry  signal  A is  proportional  to the scalar  product  of the 
sample magnetization vector and the spin quantization axis of the electron beam [39], 
brightness (darkness) in an asymmetry image indicates the magnitude of the local surface 
magnetization component parallel (antiparallel) to the spin-polarization direction of the 
electron beam. One way to achieve more quantitative results is to repeat this measurement 
three times with the electron beam spin-axis aligned along x, y and z spatial directions. 
Quantitative comparison of the asymmetry signal (gray-values) in these triplets of images 
then allows us to map the real space orientation of the magnetization vector in the sample 
surface with high angular and spatial resolution [37]. 
The SPLEEM vacuum chamber is equipped with a suite of standard surface-science tools, 
which were used to prepare a (001)-oriented single-crystal of natural origin [40]. After 
introduction in the SPLEEM system the sample surface was ablated by several cycles of 
10 minutes sputtering with Ar ions at 1 keV followed by annealing to 600 °C in 10-6 Torr 
of O2 for tens of minutes, until Auger spectroscopy showed only iron and oxygen, and the 
low energy electron diffraction pattern showed a sharp 2× 2R45√ √ o pattern that has been 
attributed to the clean surface [9, 17]. 
3. Results
To determine optimal settings of the electron beam illumination for magnetic domain 
imaging, we start by measuring the energy dependence of the electron reflectivity and the 
energy  dependence  of  the  asymmetry  signal;  the  spectra  obtained  from  the  freshly 
prepared 2× 2R45° magnetite surface are plotted in Fig. 1(a) and Fig. 1(b), respectively.√ √  
Signal-to-noise  in  SPLEEM  images  scales  with  the  product  of  the  square  of  the 
asymmetry and total reflectivity; for this work we found that the combination of good 
asymmetry and reasonably large reflectivity in the energy region around 4.7 eV yields 
good image contrast in relatively short image integration times.  
In a second step, easy-axes of magnetization were determined by measuring the relative 
magnitude of the asymmetry signal as a function of the electron beam spin direction. 
When the spin-polarization is normal to the surface plane,  as in the SPLEEM image 
reproduced in Figure 2 (a), we find that magnetic contrast nearly vanishes (we measure 
less than 6% of the magnitude of the in-plane asymmetry signal). When the beam spin 
polarization is adjusted to be in-plane, magnetic domain patterns are observed throughout 
the surface: the images reproduced in Figure 2 (b) and (c) were recorded in the same 
sample  position  as  (a),  with  beam  spin  polarization  oriented  along  the  directions 
indicated by arrows. In such a triplet of SPLEEM images, recorded with orthogonal beam 
polarization directions, gray-values of image pixels correspond to the relative magnitude 
of the magnetization vector in each pixel along a given direction. The data was converted 
into  a  color  image,  shown  in  panel  (d),  where  the  direction  of  magnetization  is 
represented in color according to the color-wheel shown to the left of the image.  As can 
be seen from this color-image, most parts of the surface are magnetized approximately 
along the image diagonal directions, which correspond to the in-plane [110] and [1-10] 
axes of this crystal. The observation of preferred magnetization axes can be confirmed in 
a statistically more robust way by plotting the magnetization vector measured of each 
pixel in form of a scatter-plot as shown in panel (e). The plot clearly resolves the two 
preferred magnetization axes. 
A collage of several images shown in Figure 3 surveys typical magnetic domain patterns 
found on this magnetite (001) surface. Most domains walls are curved, both for 90° and 
180° types. There are several detailed observations that stand out, as highlighted in Figure 
4. We observe regions where 90° domain walls form periodic arrays, as shown in Fig. 
4(d). The 180° domain wall have substantial width of the order of 0.8 micrometers, and 
the often form a zig-zag pattern [Figure 4(b)]. The orientation of the magnetization vector 
within  these  domain  walls  is  in-plane,  points  at  90°  with  respect  to  the  bordering 
domains, and is nearly constant across the width of the wall, as shown in Fig. 4(c). These 
features indicate that these 180° domain wall are likely Néel-capped sub-surface Bloch 
walls. This interpretation is consistent also with simulations of Bloch walls close to a 
surface in magnetite, which have found Néel caps with a thickness of around 70 nm [42]. 
An example of a Bloch line, i.e. vortex-line boundaries between domain wall segments of 
opposite chirality, is seen in Figure 4(d). 
While  curved  domain  walls  have  been  linked  to  stress  and  crystalline  defects  in 
experimental observations of micrometer-scale grains[43, 44], stress is less likely to be an 
important factor in our surface of a 5 mm-wide annealed single crystal. Instead, following 
[41] we suggest that domain wall curvature in this case arises from the accommodation of 
the bulk domains aligned along bulk easy-axis directions in combination with the gradual 
rotation needed to turn the easy-axis directions into surface [110] directions.  Features 
similar to our observations (wavy domain walls, smooth changes in the magnetization 
direction) have been predicted from micro-magnetic simulations [41] of up to 4 m wideμ  
magnetite cubes. These simulations also showed that, at the same time, the domain walls 
are straight in the bulk of the grain. We note that neither the micro-magnetic simulations 
nor our experimental observations have presented any trace of quasi-domains formed by 
arrangement  of  small  domains  that  on  a  local  scale  have  a  sizable  out-of-  plane 
magnetization which averages out on a larger scale [36]. Within the resolution of the 
SPLEEM, we find no fine structure with a significant out-of-plane magnetization. The 
observation of the Néel caps is consistent with simulations of Bloch walls close to a 
surface in magnetite, which have shown that the thickness of the Néel caps is around 70 
nm [42]. We note that while Bloch walls are chiral (a Bloch wall possesses a sense of  
rotation) inversion symmetry of the crystal structure suggests that overall, the magnetism 
in magnetite will not show chiral asymmetry. The observation of Bloch lines, i.e. vortex-
lines separating sections of opposite chirality within a domain wall (such as the Bloch 
line seen in Figure 4d), suggests chiral symmetry of the magnetism in magnetite. 
The universal in-plane magnetization we find in this surface merits consideration. In bulk 
magnetite, the easy magnetization directions are the (111)-type lattice directions. These 
directions are approximately 55° from the normal direction of the (001) surface and both 
the out-of-plane as well as the in-plane components of magnetization vectors pointed in 
these directions would be expected to be large. Consequently, one might have expected to 
observe  a  strong  asymmetry  signal  both  for  electron  beams polarized  parallel  to  the 
surface and for beams polarized in the surface normal direction. The almost vanishing 
out-of-plane signal we observe shows that magnetization in the surface of our crystal is 
not aligned with the (111)-type easy magnetization directions of bulk magnetite; instead, 
the easy magnetization axes in the magnetite (001) surface are rotated very close towards 
the  in-plane axes  [110] and [1-10].  The fact  that  magnetization in  the  surface  of  our 
crystal is different from the bulk easy magnetization directions can be understood to be 
the result of dipolar forces (shape anisotropy) that tend to bend the easy-axis directions 
towards  the  surface,  aligning the  magnetization  vector  towards  the  projections  of  the 
volume (111) directions onto the (001) surface, which are the surface [110] directions. Our 
experimental results are consistent with predictions from micro-magnetic simulations in 
cubic magnetite grains with (001) sides [41], where the magnetization vector was found to 
be close to [110] in the near-surface regions of up to 0.25 m thickness. In-plane [110]-μ
type easy magnetization axes have also been found experimentally in thin magnetite films 
[see for example, (001) magnetite films on MgO [29], or films on SrTiO3 and MgAl2O3 
[23]]. Also in ref [29], fourfold in-plane magnetic anisotropy with easy-axis along the 
[110] surface directions was detected.  As total  anisotropy in (001) oriented magnetite 
samples results from a competition between magnetocrystalline forces (favoring (111)-
type orientation of the magnetization) and dipolar forces (favoring in-plane magnetization 
near the sample surface) some degree of magnetization canting can be expected. In fact, 
calculations for a (111) surface [30] have suggested that the surface easy-axis would be 
canted  by  2°  from  the  surface  plane.  A  small  canting  of  the  magnetization  is  also 
compatible with our out-of plane SPLEEM images (not shown) where the asymmetry 
signal is very weak but does not vanish completely. 
4. Conclusions
In conclusion, our vector-magnetometric microanalysis of the surface of a (001) magnetite 
single-crystal by spin-polarized low-energy electron microscopy shows that the surface 
magnetization is along two easy-axis [110] directions within the surface (001) plane. Our 
findings  including  substantial  curvature  of  many  of  the  domain  walls  and  our 
interpretation of closure domain features including Néel-capped bulk Bloch walls and 
Bloch lines are in agreement with predictions based on micromagnetic simulations [41, 
42]. 
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Figure 1. (a) Electron reflectivity versus energy for the magnetite (100) surface, integrated 
from a  sequence  of  LEEM images  acquired  at  different  energies.  (b)  In-plane  spin-
dependent asymmetry in the reflectivity as a function of energy, obtained by integrating 
the reflected intensity from a uniform magnetic domain with opposite electron beam spin 
polarizations.
Figure 2. SPLEEM images of an area on the magnetite surface. The field of view is 12 
m, and the electron energy is 4.7 eV. The spin direction of the electron beam is out-of-μ
the plane of the surface in panel (a) and in the plane of the image with azimuthal angles 
of  0°  and  90° in  panels  (b)  and  (c),  respectively.  (d)  Left:  Color  representation  of 
the magnetization vector-field obtained from the combination of the previous SPLEEM 
images. In-plane angle, magnitude and z-component have been mapped on hue, saturation 
and lightness. Right shows the equidistant azimuthal projection of the color sphere. (e) 
Scatter  plot  of  the  observed  in-plane  magnetization  vectors  showing  that  the  most 
common orientations of the magnetization are along two directions (biaxial easy axis). 
Each data point is colored as described in (d).
Figure 3.  Collage of several  SPLEEM images,  surveying the magnetite  surface.  Each 
individual image has a field of view of 12 m. (a) SPLEEM images with the electronμ  
beam spin direction in-plane along the surface [011] direction, corresponding roughly to 
the image diagonal (b) SPLEEM images in the same area with the electron beam spin 
direction along the orthogonal direction [01-1]. The electron energy is 4.7 eV.
Figure  4.  Details  of  several  particular  magnetization  configurations  observed  in  the 
survey of domain structures (the regions shown in panels b, d, and e are from within the 
survey  reproduced  in  Fig.  3).  Small  red  arrows  show  the  in-plane  magnetization 
directions  as  measured  from pairs  of  SPLEEM images  acquired  with  reversed  beam 
polarizations. (a) 90° wall (background image along the [110] direction, which shows a 
white domain). The image size is 2.7 m. (b) Wavy Néel cap on a 180° wall (backgroundμ  
image along [110] direction which shows no contrast at the domain wall). The image size 
is  5.3  m.  (c)  Magnetization  angle  relative  to  the  [110]  (positive  angles  areμ  
counterclockwise, acquired along the yellow line indicated in previous panel): Within the 
domain wall the magnetization is along the [-110] suggesting that the structure is a 180° 
Néel-capped  Bloch wall.  (d)  Bloch line  separating  two sections  of  opposite  chirality 
within a Néel-capped 180° wall (background image along [1-10]). Bloch wall image size 
is 2.7 m. (e) Periodic array of 90° walls, image size is 5.3 m (the background image isμ μ  
along [100] so each domain appears white and black with the same intensity). (f) Profile 
of the magnetization angle relative to the [1-10] direction, along the yellow line marked in 
(e). Large red arrows indicate the average magnetization in each domain.
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